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aISUALIZING THE IMMUNE SYNAPSE
T cells that interact with antigen-speciﬁc APCs
an mount a wide spectrum of responses that range
rom induction of cytokine production and prolifera-
ion to induction of anergy, as deﬁned by lack of
roliferation and IL-2 secretion [1-3], and even to
riggering programmed cell death [4-8]. The detailed
egulatory mechanisms that link receptor proximal
ctivation events at the T cell membrane to such
ifferential outcomes are not known. The study of
uch regulatory mechanisms is complicated by the fact
hat cellular responses are determined by the engage-
ent of multiple activating and inhibitory receptors
n the T cell and the APC. These receptors engage an
ven larger number of cytoplasmic proteins that feed
nto many sequential, parallel, and intersecting bio-
hemical pathways.
Engagement of the TCR activates the Src-related
yrosine kinases Lck and Fyn by as yet unknown
echanisms [9-11]. These kinases rapidly phosphor-
late several speciﬁc substrates, including the immu-
oreceptor tyrosine activation motifs of the TCR-
ssociated  chains. Binding of phosphorylated
mmunoreceptor tyrosine activation motifs to the cy-
osolic tyrosine kinase ZAP-70 and its phosphoryla-
ion by Lck result in activation of this enzyme [11].
AP-70 is a pivotal relay: by phosphorylating the
caffold protein LAT, it creates sites for recruitment
f additional adaptor and signaling proteins [11,12].
hese initiating signals are further relayed through
ytosolic kinases, including phospho-lipate C and
hosphatidylinositol-3 kinase [13-20]. TCR-activated
hospho-lipate C hydrolyzes the phospholipid phos-
hatidylinositol 4, 5 biphosphonate to generate the
econd messengers inositol 1, 4, 5-triphosphate and
iacylglycerol [21,22]. These second messengers gen-
rate increases in free intracellular calcium, activation
f serine-threonine kinases, including alpha serine/
hreonine kinase, pyruvate dehydrogenase kinase-1,
nd protein kinase C (PKC), which together culmi-
ate in coordinated changes in gene expression. The
xact branching points along these pathways that can
ead to differential outcomes are not yet fully deﬁned. cole of PKC- in T Cell Activation
It was long known that PKC plays a key role in
cell activation because phorbol esters (plasma mem-
rane ATPase), which can activate PKC, synergize
ith calcium ionophores to induce T cell prolifera-
ion, thus bypassing the need to engage the TCR
23-25]. PKC activity is generated by 10 different
KC isoforms. All 10 classic and novel PKCs that are
xpressed in T cells [26-28] have a functional C1
omain. Binding of the physiologic agonist diacylglyc-
rol or plasma membrane ATPase to C1 activates
KC and causes its translocation to the membrane. It
as therefore expected that all PKCs would be acti-
ated and translocated to the membrane during T cell
nteraction with APCs. Surprisingly, immunoﬂuores-
ence microscopic imaging of such T-APC conjugates
evealed that, of all expressed PKCs, only PKC- was
ranslocated to the cell membrane. Signiﬁcantly, the
embrane clustering of PKC- was restricted to the
ell contact area [29] that is now termed the “immu-
ological synapse” (IS). PKC- was previously cloned
s a lymphocyte and muscle-speciﬁc enzyme [30-32]
nd it has an overall high sequence homology to all
ther PKCs. This unexpected localization ﬁnding
uggested that PKC- might have a unique role in T
ell activation. Expression of PKC-mutants in model
urkat T cell lines suggested that PKC- may link
CR activation to IL-2 production [33,34]. This link
as conﬁrmed by analysis of T cells from PKC-
nockout (KO) mice [35-37]. In the PKC--KO mice
cell development appears normal but the function-
lity of the mature T cells is impaired [35-37]. Acti-
ation of PKC--KO T cells, which still express all
ther PKC isoforms including PKC-, by anti-TCR/
D28 Abs failed to cause T cell proliferation and IL-2
roduction due to ineffective activation of AP1 and
uclear factor B. The molecular basis for the selec-
ive translocation of PKC- to the cell contact is not
nown.
n Vivo Functions of PKC-
The generation of PKC--KO mice [36] enabled
n examination of the in vivo roles of PKC-. In
ontrast to the clear in vitro defects in T cell activa-
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A. Kupfer116ion, several antigenic-immunization and viral infec-
ion studies in PKC--KO mice yielded mixed out-
omes, reﬂecting the complex nature of the in vivo
esponses. Immunization with a protein antigen and
lum as the adjuvant failed to trigger an effective
esponse, but when complete Freund adjuvant was
sed the response appeared normal [36]. It was proposed
hat PKC- is critical for development of Th 2 but not
h 1 responses in vivo [38]. However, PKC--KO mice
mmunized with myelin oligodendrocyte glycoprotein
ere completely resistant to development of clinical
xperimental autoimmune encephalomyelitis by a Th
response [39,40]. Analysis of lung inﬂammation re-
ponses displayed a greater dependency of Th 2 re-
ponses on PKC- than the Th 1 response [41]. In
itro responses to viral antigen appeared defective but
n vivo responses appeared normal [38,42-44]. It was
roposed that cytokines and other strong signals pro-
ided by the innate immune system might compensate
n vivo for the absence of PKC- in CD8 T cells It was
eported that PKC- can protect from anergy/toler-
nce [44] and is required for CD8 T cell survival in
ivo [45]. Interpretation of these complex in vivo im-
unologic responses is complicated because the de-
elopment of V14J18 NK T cells is highly depen-
ent on PKC-. V14J18 NK T cells do not develop
n PKC--KO [46].
S and Supramolecular Activation Clusters
Studies using multidimensional immunoﬂuores-
ence microscopy or video microscopy demonstrated
hat receptor engagement and signaling do not occur
igure 1. Bidirectional intercellular communication between T cel
ntigen-speciﬁc T cell and an APC, the engaged receptors at the I
nd cytoskeletal proteins that are associated with the ligated receptor
MACs. Note that SMACs are formed in T cells and APCs, but, b
e produced in each.andomly at the T-APC contact area, ie, the IS
47-84]. Initially, distinct receptors microclusters are
ormed in the IS and this state is referred to as an
immature IS.” The immature IS undergoes addi-
ional spatial-temporal molecular remodeling result-
ng in the formation of segregated supramolecular
ctivation clusters (SMACs). The latter T-APC con-
act was termed the “mature IS” and was observed in
cells that undergo productive activation. In the
ature IS the antigen-engaged TCR is clustered in
he central SMAC (c-SMAC) in addition to several
ignaling proteins including PKC-. The cytoskeletal
rotein talin and the 2 integrin LFA-1 are clustered
n the peripheral SMAC. These molecules are stably
lustered (for2 h) in the corresponding SMACs, but
ther receptors and signaling proteins translocate be-
ween different SMACs in a spatially and temporally
egulated fashion [48,60]. Commitment of T cells to
ndergo effective activation requires the maintenance
f an intact IS for 4 h [53,85,86].
S and T Cell Activation
It was proposed that the clustering of the engaged
CRs in the c-SMAC serves to enhance weak TCR
ignals when the T cells encounter a relatively small
umber of antigens or with low avidity peptide-
HC-TCRs interactions [49,69,87]. Recent model-
ng and in silico experiments suggest that the c-SMAC
erves as a feedback regulator of TCR signaling. The
-SMAC enhances signaling when the T cells encoun-
er a small number of antigenic peptides, but at high
ntigen densities the c-SMAC attenuates TCR signal-
APCs through the IS. During a productive interaction between an
gate into spatially distinct SMACs. Intracellular signaling proteins
ly or indirectly segregate along with the receptors into the different
different receptors are present on both cells, different signals willls and
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Visualizing the Immune Synapse 117ng [81,88,89]. In contrast, other experiments chal-
enged the notion that the c-SMAC is a site of TCR
ignaling [90] and studies with planar lipid bilayers as
urrogate APCs suggested that the peripheral SMAC
s the site of continuous TCR signaling [79,91,92].
egardless of the site of TCR signaling, the localiza-
ion of PKC- in the c-SMACs of productively acti-
ated T cells has been extensively conﬁrmed [28,33-
5,37,72,93-99]. It was therefore proposed that the
-SMAC is essential for productive activation by sus-
aining signaling of downstream signaling proteins
uch as PKC- [79,91,92]. The location of TCR en-
agement and signaling in physiologic T-APC conju-
ates awaits further clariﬁcation (Figure 1).
EFERENCES
1. Jenkins MK, Pardoll DM, Mizuguchi J, Chused TM, Schwartz
RH. Molecular events in the induction of a nonresponsive state
in interleukin 2-producing helper T-lymphocyte clones. Proc
Natl Acad Sci USA. 1987;84:5409-5413.
2. Jenkins MK, Pardoll DM, Mizuguchi J, Quill H, Schwartz RH.
T-cell unresponsiveness in vivo and in vitro: ﬁne speciﬁcity of
induction and molecular characterization of the unresponsive
state. Immunol Rev. 1987;95:113-135.
3. Jenkins MK, Schwartz RH. Antigen presentation by chemically
modiﬁed splenocytes induces antigen-speciﬁc T cell unrespon-
siveness in vitro and in vivo. J Exp Med. 1987;165:302-319.
4. Sebzda E, Wallace VA, Mayer J, Yeung RS, Mak TW, Ohashi
PS. Positive and negative thymocyte selection induced by dif-
ferent concentrations of a single peptide. Science. 1994;
263(5153):1615-1618.
5. Madrenas J, Wange RL, Wang JL, Isakov N, Samelson LE,
Germain RN. Zeta phosphorylation without ZAP-70 activation
induced by TCR antagonists or partial agonists. Science. 1995;
267(5197):515-518.
6. Mirshahidi S, Ferris LC, Sadegh-Nasseri S. The magnitude of
TCR engagement is a critical predictor of T cell anergy or
activation. J Immunol. 2004;172:5346-5355.
7. Mirshahidi S, Huang CT, Sadegh-Nasseri S. Anergy in periph-
eral memory CD4() T cells induced by low avidity engage-
ment of T cell receptor. J Exp Med. 2001;194:719-731.
8. Sloan-Lancaster J, Allen PM. Altered peptide ligand-induced
partial T cell activation: molecular mechanisms and role in T
cell biology. Annu Rev Immunol. 1996;14:1-27.
9. Filipp D, Zhang J, Leung BL, Shaw A, Levin SD, Veillette A,
Julius M. Regulation of Fyn through translocation of activated
Lck into lipid rafts. J Exp Med. 2003;197:1221-1227.
0. Weiss A, Kadlecek T, Iwashima M, Chan A, Van Oers N.
Molecular and genetic insights into T-cell antigen receptor
signaling. Ann NY Acad Sci. 1995;766:149-156.
1. Weiss A, Littman DR. Signal transduction by lymphocyte an-
tigen receptors. Cell. 1994;76:263-274.
2. Wange RL. LAT, the linker for activation of T cells: a bridge
between T cell-speciﬁc and general signaling pathways. Sci
STKE. 2000;2000(63):RE1.
3. Weiss A, Koretzky G, Schatzman RC, Kadlecek T. Functional
activation of the T-cell antigen receptor induces tyrosine phos-
phorylation of phospholipase C-gamma 1. Proc Natl Acad Sci
USA. 1991;88:5484-5488.4. Granja C, Lin LL, Yunis EJ, Relias V, Dasgupta JD. PLC
gamma 1, a possible mediator of T cell receptor function. J Biol
Chem. 1991;266:16277-16280.
5. Secrist JP, Burns LA, Karnitz L, Koretzky GA, Abraham RT.
Stimulatory effects of the protein tyrosine phosphatase inhibi-
tor, pervanadate, on T-cell activation events. J Biol Chem. 1993;
268:5886-5893.
6. Ramos-Morales F, Doute M, Fischer S. P56lck: a transducing
protein that binds to SH2 containing proteins and to phospho-
tyrosine containing proteins. Cell Mol Biol (Noisy-le-grand).
1994;40:695-700.
7. Cuevas B, Lu Y, Watt S, Kumar R, Zhang J, Siminovitch KA,
Mills GB. SHP-1 regulates Lck-induced phosphatidylinositol
3-kinase phosphorylation and activity. J Biol Chem. 1999;274:
27583-27589.
8. Zhang W, Samelson LE. The role of membrane-associated
adaptors in T cell receptor signalling. Semin Immunol. 2000;12:
35-41.
9. Harriague J, Bismuth G. Imaging antigen-induced PI3K acti-
vation in T cells. Nat Immunol. 2002;3:1090-1096.
0. Wabnitz GH, Nebl G, Klemke M, Schroder AJ, Samstag Y.
Phosphatidylinositol 3-kinase functions as a ras effector in the
signaling cascade that regulates dephosphorylation of the actin-
remodeling protein coﬁlin after costimulation of untrans-
formed human T lymphocytes. J Immunol. 2006;176:1668-
1674.
1. Lin J, Weiss A. T cell receptor signalling. J Cell Sci. 2001;
114(Pt 2):243-244.
2. Isakov N. Activation of murine lymphocytes by exogenous
phosphatidylethanolamine- and phosphatidylcholine-speciﬁc
phospholipase C. Cell Immunol. 1993;152:72-81.
3. Isakov N, Altman A. Tumor promoters in conjunction with
calcium ionophores mimic antigenic stimulation by reactivation
of alloantigen-primed murine T lymphocytes. J Immunol. 1985;
135:3674-3680.
4. Truneh A, Albert F, Golstein P, Schmitt-Verhulst AM. Cal-
cium ionophore plus phorbol ester can substitute for antigen in
the induction of cytolytic T lymphocytes from speciﬁcally
primed precursors. J Immunol. 1985;135:2262-2267.
5. Truneh A, Albert F, Golstein P, Schmitt-Verhulst AM. Early
steps of lymphocyte activation bypassed by synergy between
calcium ionophores and phorbol ester. Nature. 1985;313(6000):
318-320.
6. Baier G. The PKC gene module: molecular biosystematics to
resolve its T cell functions. Immunol Rev. 2003;192:64-79.
7. Baier G, Asadullah K, Zugel U. The immunological synapse:
kinases in T cell signalling as potential drug targets. Immunol
Lett. 2006;105:3-5.
8. Isakov N, Altman A. Protein kinase C(theta) in T cell activa-
tion. Annu Rev Immunol. 2002;20:761-794.
9. Monks CR, Kupfer H, Tamir I, Barlow A, Kupfer A. Selec-
tive modulation of protein kinase C-theta during T-cell
activation. Nature. 1997;385(6611):83-86.
0. Baier G, Telford D, Giampa L, Coggeshall KM, Baier-Bitter-
lich G, Isakov N, Altman A. Molecular cloning and character-
ization of PKC theta, a novel member of the protein kinase C
(PKC) gene family expressed predominantly in hematopoietic
cells. J Biol Chem. 1993;268:4997-5004.
1. Chang JD, Xu Y, Raychowdhury MK, Ware JA. Molecular
cloning and expression of a cDNA encoding a novel isoenzyme
of protein kinase C (nPKC). A new member of the nPKC
33
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
A. Kupfer118family expressed in skeletal muscle, megakaryoblastic cells, and
platelets. J Biol Chem. 1993;268:14208-14214.
2. Osada S, Mizuno K, Saido TC, Suzuki K, Kuroki T, Ohno S.
A new member of the protein kinase C family, nPKC theta,
predominantly expressed in skeletal muscle. Mol Cell Biol. 1992;
12:3930-3938.
3. Altman A, Isakov N, Baier G. Protein kinase Ctheta: a new
essential superstar on the T-cell stage. Immunol Today. 2000;
21:567-573.
4. Altman A, Villalba M. Protein kinase C-theta (PKCtheta): a key
enzyme in T cell life and death. J Biochem (Tokyo). 2002;132:
841-846.
5. Pfeifhofer C, Koﬂer K, Gruber T, Tabrizi NG, Lutz C, Maly
K, Leitges M, Baier G. Protein kinase C theta affects Ca2
mobilization and NFAT cell activation in primary mouse T
cells. J Exp Med. 2003;197:1525-1535.
6. Sun Z, Arendt CW, Ellmeier W, Schaeffer EM, Sunshine MJ,
Gandhi L, Annes J, Petrzilka D, Kupfer A, Schwartzberg PL,
Littman DR. PKC-theta is required for TCR-induced NF-
kappaB activation in mature but not immature T lymphocytes.
Nature. 2000;404(6776):402-407.
7. Arendt CW, Albrecht B, Soos TJ, Littman DR. Protein kinase
C-theta: signaling from the center of the T-cell synapse. Curr
Opin Immunol. 2002;14:323-330.
8. Marsland BJ, Soos TJ, Spath G, Littman DR, Kopf M. Protein
kinase C theta is critical for the development of in vivo T helper
(Th)2 cell but not Th1 cell responses. J Exp Med. 2004;200:
181-189.
9. Tan SL, Zhao J, Bi C, Chen XC, Hepburn DL, Wang J,
Sedgwick JD, Chintalacharuvu SR, Na S. Resistance to exper-
imental autoimmune encephalomyelitis and impaired IL-17
production in protein kinase C theta-deﬁcient mice. J Immunol.
2006;176:2872-2879.
0. Salek-Ardakani S, So T, Halteman BS, Altman A, Croft M.
Protein kinase Ctheta controls Th1 cells in experimental auto-
immune encephalomyelitis. J Immunol. 2005;175:7635-7641.
1. Salek-Ardakani S, So T, Halteman BS, Altman A, Croft M.
Differential regulation of Th2 and Th1 lung inﬂammatory
responses by protein kinase C theta. J Immunol. 2004;173:6440-
6447.
2. Giannoni F, Lyon AB, Wareing MD, Dias PB, Sarawar SR.
Protein kinase C theta is not essential for T-cell-mediated
clearance of murine gammaherpesvirus 68. J Virol. 2005;79:
6808-6813.
3. Marsland BJ, Nembrini C, Schmitz N, Abel B, Krautwald S,
Bachmann MF, Kopf M. Innate signals compensate for the
absence of PKC-{theta} during in vivo CD8() T cell effec-
tor and memory responses. Proc Natl Acad Sci USA. 2005;
102:14374-14379.
4. Berg-Brown NN, Gronski MA, Jones RG, Elford AR, Deenick
EK, Odermatt B, Littman DR, Ohashi PS. PKC{theta} signals
activation versus tolerance in vivo. J Exp Med. 2004;199:743-
752.
5. Barouch-Bentov R, Lemmens EE, Hu J, Janssen EM, Droin
NM, Song J, Schoenberger SP, Altman A. Protein kinase C-
theta is an early survival factor required for differentiation of
effector CD8 T cells. J Immunol. 2005;175:5126-5134.
6. Stanic AK, Bezbradica JS, Park JJ, Van Kaer L, Boothby MR,
Joyce S. Cutting edge: the ontogeny and function of Va14Ja18
natural T lymphocytes require signal processing by protein
kinase C theta and NF-kappa B. J Immunol. 2004;172:4667-
4671.7. Frearson JA, Alexander DR. Protein tyrosine phosphatases in
T-cell development, apoptosis and signalling. Immunol Today.
1996;17:385-391.
8. Freiberg BA, Kupfer H, Maslanik W, Delli J, Kappler J, Zaller
DM, Kupfer A. Staging and resetting T cell activation in
SMACs. Nat Immunol. 2002;3:911-917.
9. Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen
PM, Dustin ML. The immunological synapse: a molecular
machine controlling T cell activation. Science. 1999;285(5425):
221-227.
0. Grakoui A, Donermeyer DL, Kanagawa O, Murphy KM, Allen
PM. TCR-independent pathways mediate the effects of antigen
dose and altered peptide ligands on Th cell polarization. J Im-
munol. 1999;162:1923-1930.
1. Anton van der Merwe P, Davis SJ, Shaw AS, Dustin ML.
Cytoskeletal polarization and redistribution of cell-surface mol-
ecules during T cell antigen recognition. Semin Immunol. 2000;
12:5-21.
2. Delon J, Germain RN. Information transfer at the immuno-
logical synapse. Curr Biol. 2000;10:R923-R933.
3. Lanzavecchia A, Sallusto F. From synapses to immunological
memory: the role of sustained T cell stimulation. Curr Opin
Immunol. 2000;12:92-98.
4. Bromley SK, Burack WR, Johnson KG, Somersalo K, Sims TN,
Sumen C, Davis MM, Shaw AS, Allen PM, Dustin ML. The
immunological synapse. Annu Rev Immunol. 2001;19:375-396.
5. Bromley SK, Iaboni A, Davis SJ, Whitty A, Green JM, Shaw
AS, Weiss A, Dustin ML. The immunological synapse and
CD28-CD80 interactions. Nat Immunol. 2001;2:1159-1166.
6. Dustin ML, Allen PM, Shaw AS. Environmental control of
immunological synapse formation and duration. Trends Immu-
nol. 2001;22:192-194.
7. Favier B, Burroughs NJ, Wedderburn L, Valitutti S. TCR
dynamics on the surface of living T cells. Int Immunol. 2001;
13:1525-1532.
8. Burroughs NJ, Wulﬁng C. Differential segregation in a cell-
cell contact interface: the dynamics of the immunological syn-
apse. Biophys J. 2002;83:1784-1796.
9. Das V, Nal B, Roumier A, Meas-Yedid V, Zimmer C, Olivo-
Marin JC, Roux P, Ferrier P, Dautry-Varsat A, Alcover A.
Membrane-cytoskeleton interactions during the formation of
the immunological synapse and subsequent T-cell activation.
Immunol Rev. 2002;189:123-135.
0. Ehrlich LI, Ebert PJ, Krummel MF, Weiss A, Davis MM.
Dynamics of p56lck translocation to the T cell immunological
synapse following agonist and antagonist stimulation. Immu-
nity. 2002;17:809-822.
1. Krummel MF, Davis MM. Dynamics of the immunological
synapse: ﬁnding, establishing and solidifying a connection. Curr
Opin Immunol. 2002;14:66-74.
2. Lee SJ, Hori Y, Groves JT, Dustin ML, Chakraborty AK. The
synapse assembly model. Trends Immunol. 2002;23:500-502.
3. Moss WC, Irvine DJ, Davis MM, Krummel MF. Quantifying
signaling-induced reorientation of T cell receptors during im-
munological synapse formation. Proc Natl Acad Sci USA. 2002;
99:15024-15029.
4. Sechi AS, Buer J, Wehland J, Probst-Kepper M. Changes in
actin dynamics at the T-cell/APC interface: implications for
T-cell anergy? Immunol Rev. 2002;189:98-110.
5. Wetzel SA, McKeithan TW, Parker DC. Live-cell dynamics
and the role of costimulation in immunological synapse forma-
tion. J Immunol. 2002;169:6092-6101.
66
6
6
7
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9
9
Visualizing the Immune Synapse 1196. Wulﬁng C, Sumen C, Sjaastad MD,Wu LC, Dustin ML, Davis
MM. Costimulation and endogenous MHC ligands contribute
to T cell recognition. Nat Immunol. 2002;3:42-47.
7. Zaru R, Cameron TO, Stern LJ, Muller S, Valitutti S. Cutting
edge: TCR engagement and triggering in the absence of large-
scale molecular segregation at the T cell-APC contact site.
J Immunol. 2002;168:4287-4291.
8. Bunnell SC, Barr VA, Fuller CL, Samelson LE. High-resolu-
tion multicolor imaging of dynamic signaling complexes in T
cells stimulated by planar substrates. Sci STKE. 2003;2003(177):
PL8.
9. Huppa JB, Davis MM. T-cell-antigen recognition and the im-
munological synapse. Nat Rev Immunol. 2003;3:973-983.
0. Kupfer A, Kupfer H. Imaging immune cell interactions and
functions: SMACs and the immunological synapse. Semin Im-
munol. 2003;15:295-300.
1. Raychaudhuri S, Chakraborty AK, Kardar M. Effective mem-
brane model of the immunological synapse. Phys Rev Lett.
2003;91:208101.
2. Thome M. The immunological synapse and actin assembly: a
regulatory role for PKC theta. Dev Cell. 2003;4:3-5.
3. Boisvert J, Edmondson S, Krummel MF. Immunological syn-
apse formation licenses CD40-CD40L accumulations at T-
APC contact sites. J Immunol. 2004;173:3647-3652.
4. Davis DM, Dustin ML. What is the importance of the immu-
nological synapse? Trends Immunol. 2004;25:323-327.
5. Gascoigne NR, Zal T. Molecular interactions at the T cell-
antigen-presenting cell interface. Curr Opin Immunol. 2004;16:
114-119.
6. Jacobelli J, Andres PG, Boisvert J, Krummel MF. New views of
the immunological synapse: variations in assembly and func-
tion. Curr Opin Immunol. 2004;16:345-352.
7. Li QJ, Dinner AR, Qi S, Irvine DJ, Huppa JB, Davis MM,
Chakraborty AK. CD4 enhances T cell sensitivity to antigen by
coordinating Lck accumulation at the immunological synapse.
Nat Immunol. 2004;5:791-799.
8. O’Keefe JP, Blaine K, Alegre ML, Gajewski TF. Formation of
a central supramolecular activation cluster is not required for
activation of naive CD8 T cells. Proc Natl Acad Sci USA.
2004;101:9351-9356.
9. Dustin ML. A dynamic view of the immunological synapse.
Semin Immunol. 2005;17:400-410.
0. Giannoni F, Barnett J, Bi K, Samodal R, Lanza P, Marchese P,
et al. Clustering of T cell ligands on artiﬁcial APC membranes
inﬂuences T cell activation and protein kinase C theta translo-
cation to the T cell plasma membrane. J Immunol. 2005;174:
3204-3211.
1. Lin J, Miller MJ, Shaw AS. The c-SMAC: sorting it all out
(or in). J Cell Biol. 2005;170:177-182.
2. Purtic B, Pitcher LA, van Oers NS, Wulﬁng C. T cell receptor
(TCR) clustering in the immunological synapse integrates
TCR and costimulatory signaling in selected T cells. Proc Natl
Acad Sci USA. 2005;102:2904-2909.
3. Tooley AJ, Jacobelli J, Moldovan MC, Douglas A, Krummel
MF. T cell synapse assembly: proteins, motors and the under-
lying cell biology. Semin Immunol. 2005;17:65-75.4. Cemerski S, Shaw A. Immune synapses in T-cell activation.
Curr Opin Immunol. 2006;18:298-304.
5. Huppa JB, Gleimer M, Sumen C, Davis MM. Continuous T
cell receptor signaling required for synapse maintenance and
full effector potential. Nat Immunol. 2003;4:749-755.
6. Lanzavecchia A, Sallusto F. Antigen decoding by T lympho-
cytes: from synapses to fate determination. Nat Immunol. 2001;
2:487-492.
7. Monks CR, Freiberg BA, Kupfer H, Sciaky N, Kupfer A.
Three-dimensional segregation of supramolecular activation
clusters in T cells. Nature. 1998;395(6697):82-86.
8. Chakraborty AK, Dustin ML, Shaw AS. In silico models for
cellular and molecular immunology: successes, promises and
challenges. Nat Immunol. 2003;4:933-936.
9. Lee KH, Dinner AR, Tu C, Campi G, Raychaudhuri S,
Varma R, Sims TN, et al. The immunological synapse bal-
ances T cell receptor signaling and degradation. Science.
2003;302:1218-22.
0. Lee KH, Holdorf AD, Dustin ML, Chan AC, Allen PM, Shaw
AS. T cell receptor signaling precedes immunological synapse
formation. Science. 2002;295(5559):1539-1542.
1. Mossman KD, Campi G, Groves JT, Dustin ML. Altered TCR
signaling from geometrically repatterned immunological syn-
apses. Science. 2005;310(5751):1191-1193.
2. Yokosuka T, Sakata-Sogawa K, Kobayashi W, Hiroshima M,
Hashimoto-Tane A, Tokunaga M, et al. Newly generated T
cell receptor microclusters initiate and sustain T cell activation
by recruitment of Zap70 and SLP-76. Nat Immunol. 2005;6:
1253-1262.
3. Bi K, Altman A. Membrane lipid microdomains and the role of
PKCtheta in T cell activation. Semin Immunol. 2001;13:139-
146.
4. Huang J, Lo PF, Zal T, Gascoigne NR, Smith BA, Levin SD,
Grey HM. CD28 plays a critical role in the segregation of PKC
theta within the immunologic synapse. Proc Natl Acad Sci USA.
2002;99:9369-9373.
5. Sasahara Y, Rachid R, Byrne MJ, de la Fuente MA, Abraham
RT, Ramesh N, et al. Mechanism of recruitment of WASP to
the immunological synapse and of its activation following TCR
ligation. Mol Cell. 2002;10:1269-1281.
6. Altman A, Villalba M. Protein kinase C-theta (PKCtheta): it’s
all about location, location, location. Immunol Rev. 2003;192:
53-63.
7. Diaz-Flores E, Siliceo M, Martinez-A C, Merida I. Membrane
translocation of protein kinase Ctheta during T lymphocyte
activation requires phospholipase C-gamma-generated diacyl-
glycerol. J Biol Chem. 2003;278:29208-29215.
8. Hara H, Bakal C, Wada T, Bouchard D, Rottapel R, Saito T,
et al. The molecular adapter Carma1 controls entry of IkappaB
kinase into the central immune synapse. J Exp Med. 2004;200:
1167-1177.
9. Ise W, Nakamura K, Shimizu N, Goto H, Fujimoto K, Kami-
nogawa S, et al. Orally tolerized T cells can form conjugates
with APCs but are defective in immunological synapse forma-
tion. J Immunol. 2005;175:829-838.
